were trained to fix their eyes on a point on a tangent screen 58 cm in front of them. The monkey sat in a primate chair (Fig. ulus change was gradually lengthened to 3 set, and finally the duration of this period was varied randomly. The time allowed for release of the bar was reduced to 1 sec. The monkey had to wait longer for the stimulus change and respond faster after it occurred. Next, the size of the stimulus was reduced in several steps to 0.3 x ,0.07', and the stimulus, instead of tilting, dimmed. The degree of difficultv of the task, and consequently the quality of the fixation, could be increased at the end of this training procedure and throughout the experiment by changing three parameters: by reducing the fixation light to a spot as small as 0.07" in diameter, by decreasing the amount by which it dimmed, and by shortening the time allowed for release of the bar.
Monkeys were given access to the training apparatus for about 4 hr/day, 5 days/week, for several months. Most of the training was done while the monkey was loose in a transport cage with only final training being done after the monkey was in the primate chair. Particularly astute monkeys learned the task within 3 weeks, but overtraining was always done to assure more reliable performance.
A few monkeys were unable to learn the task within several weeks, and these were rejected.
During this training procedure, whether or not the monkey was fixating was inferred from comparison of the number of times the monkey pressed the bar to start the fixation period with the number of times it correctly released the bar. To verify that fixation was occurring, eye movements were measured using electrooculograms while the monkey sat in the primate chair with its head held rigidly (according to the method devised by Evarts, 12). Under sodium pentobarbital anesthesia, four bolts were implanted in the skull, and after recovery from surgery these bolts were connected to two restraining arms secured to the primate chair, as illustrated in Fig. 1 . Silver chloride electrodes (Beckman miniature biopotential) were attached to the skin at the outer canthi of the eyes for recording in the horizontal plane, and above and below one eye for recording in the vertical plane. A sample of the horizontal oculograms is shown in Fig. 2A . The eye movements were greatly reduced during the fixation periods indicated by the dark bars in' the upper record of Fig. 2A . The size of the residual eye movements is indicated by the lower record of Fig. 2A receptive-field stimulus, is indicated on the next line (and in Fig. 1) ; this stimulus was used during the later recording sessions to determine the type of light stimulus necessary to affect a particular unit. The fixation light did not come on until 0.5 set after the bar was depressed, and the receptive-field stimulus did not come on until 1.0 set after the bar was depressed. The separation of these events in time permitted identification of unit responses associated with either the act of pressing the bar or the onset of the fixation light; no striate cortex units studied were associated with either of these events. It was frequently useful to have an interval between successive fixations, as in Fig. 2 , and this was obtained by automatically disconnecting the bar for a period of seconds after each release of the bar. Deactivation of the bar was indicated to the monkey either by a series of clicks or by covering the fixation light. Schmitt triggers were set to give a pulse each time an eye movement larger than 3" in the horizontal direction or 4" in the vertical direction occurred, and these pulses are shown along with the receptive-field stimulus indicator in the bottom line of Fig. 2B . Large eye movements during the time the receptive-field stimulus was on were thus clearly indicated, permitting easy identification of poor fixation periods. These pulses were not used for controlling the liquid reward except for final training in a few cases. Note that the fixation period indicated by the arrows was interrupted by a large horizontal eye movement away from the fixation point; no reward was given, and the movement was indicated by a pulse on the Schmitt trigger channel.
Recording procedure
Following this final training, the monkey was anesthetized, a IO-mm trephine opening was made over the striate cortex, and a stainless steel cylind .er was implanted wi th the dura left intact.-This implanted cylinder and the microelectrode advancer that was attached to it during the recordi "t-T sessions were the same as those developed bv Evarts (11, 13). Recording sessions began several days after recovery from surgery. Single-cell responses were recorded using glass-insulated platinum microelectrodes (3 1). When a clearly distinguishable single-cell response was obtained, a search was made for its receptive field by projecting the second stimulus, the receptive-field stim screen in fron t of the monkev.
ulus, onto the
The receptive-field stimulus was a white light produced by a projector with a tungsten filament lamp and was 1 .O-1.5 log units above the background illumination of 1 cd/m? The stimulus shapes were produced by slides in the projector and the shapes available included circular, rectangular, or triangular spots of light; circular, rectangular, or triangular dark areas with lighter surrounds; straight and curved edges between light and dark areas; stripes of alternate light and dark areas; and an assortment of more complex patterns.
The size, orientation, and position of each stimulus could be varied, and movement was produced by moving the projector. Rate of movement was determined by passing the stimulus over two photocells a known distance apart, measuring electronically the interval taken by the stimulus to cross from one photocell to the other, and then calculating the velocity of movement. The receptive-field stimulus was turned on and off during the fixation periods by a card that interrupted the light beam in front of the projector and that was moved by a galvanometer. This mechanism produced nearly silent stimulus control but entailed a long rise and fall time for the stimulus of about 40 msec. Since stimulus presentations of several seconds were always used, and since latency was not measured, this slow rise time was not important in these experiments. The indicator for the receptive-field stimulus in the figures came on when the stimulus change was 70% complete.
The search for the receptive field of the particular unit was made during successive fixation periods; the first step was to locate the area in the visual field where spots or slits of light affected the particular unit. Once found, this would also be the same area where stimuli would affect all other units in the same penetration and not far from the stimulus area affecting units in adjacent penetrations. Then the size, shape, orientation, and type of stimulus movement which produced the best unit response was worked out on successive presentations. The effectiveness of a stimulus was judged by the change in frequency of unit discharges it produced. The best stimulus was one that produced the greatest change in frequency of unit responses-either up, which will be referred to as an excitatory response, or down, which will be referred to as an inhibitory response. The aim of the search for the receptive field of a unit was to determine the organization or trigger features of the field rather than the fine detail. For example, even when a unit appeared to respond best to a slit of light, a slit longer or wider by a fraction of a degree or slightly curved rather than rectangular might in fact have been the best stimulus. Such differences would not have been detected in the present series of experiments.
The response of the unit was determined during the experiment by listening to the unit discharge on an audio monitor and by looking at oscilloscope traces of unit responses and at penwriter records of pulses triggered by the unit responses. The penwriter also recorded horizontal and vertical eye movements and the other information about the fixation light and the receptive-field stimulus shown in Fig. 22% The penwriter record permitted direct comparison of unit responses with stimulus events and eye movements. These variables were also recorded on magnetic tape. After the experiments the responses of units were further examined by looking at filmed records, by counting unit activity in certain stimulus periods on an electronic counter, and by producing dot pattern displays of unit responses following successive stimulus events (29).
Each day monkeys would do the fixation task between 1,000 and 2,500 times. To determine the receptive-field characteristics of a particular unit required at least several hundred fixations although adjacent units frequently had very similar receptive fields and required fewer fixations for adequate study. The area of striate cortex exposed by the implanted cylinder was large enough so that on successive days a number of penetrations could be made, and a number of receptive fields could then be studied in the same monkey. Toughening of the dura, which produced
breakage of the electrodes, ended recording sessions after 24 weeks. The implanted cylinder was then removed under anesthesia and a second cylinder was placed All penetrations with the microelectrodes were made in areas close to the midline in area 17. Receptive fields were no closer than 3.5" and seldom farther than 10" from the fixation point so that the fields studied were in areas surrounding the fovea. Fields were in all four visual quadrants but were usually in the lower hemifield.
Receptive-field localization
In the anesthetized, paralyzed animal, the stimulus had to be in a specific part of the visual field to maximally affect the response of a unit in striate cortex (19, 24) . In the awake monkey, receptive fields were also localized with discrete central areas. An example of such a receptive field is shown in Fig. 3 As was the case in the anesthetized, paralyzed animal (19, 24) , the most effective stimulus for many of the striate cortex units in the awake monkey was an elonqated slit of light; the size and orientation bf the slit was'critical.
For the unit in Fig.  5 the most effective stimulus was a rectangular spot of li+t 2.1 x 0.4' located about 5" from the fiiation point. In all orientations the center of the slit was on the center of the receptive field. The stimulus had its maximal effect on the response of the unit when it was oriented as shown in the third record from the top, it had some effect when oriented as in the fourth record, but
Effect of surround area of receptive field on unit response. Same unit as in Fig. 3 
--~.
--
Rcsporw of a single unit to a slit of light with differing orientations. Center of the slit fell on center of the receptive field in all positions but produced unit response over only a small part of the total rotation.
The slit was 2.10 long and 0.40 wide, and receptive-field center was about 50 from fixation point.
it had no effect in any of the other positions. The range of sizes found for the receptive-field centers is indicated by the samples in Figs. 3 , 5, and 6, with the size in Fig. 5 over the left end of the receptive field, studied was 1.3 x 0.3". Most fields had exci tatory ten ters, as in Figs. 5 and 6, and only a small fraction had inhibitory centers, as in Fig. 3 there were some that continued to respond as long as the stimulus was present. In the awake monkey, units with a largely nonadapting response to a stationary stimulus were common.
The response of such a unit is shown in Fig. 6 . In successive orientations one end of the slit of light was always over the left end of the receptive field, which is indicated by the vertical dashed line. The orientation of the slit was first ineffective, then effective as the slit covered the receptive field to a greater extent (the three middle records), and then again ineffective. The light was stationary on the screen at all times and yet, criented effectively, it produced a vigorous unit response. Moving the stimulus did not increase the response of the unit.
The response to the effective stationary stimulus continued for as long as the stimulus was on (Fig. 6, second Fig. 6 . There was no obvious relation between these bursts and any eye movement large enough to see in the electrooculogram.
The bursts were not seen in all units (Fig. 3, for example) although even when no bursting occurred the pattern of discharge was never a regular one with uniform interspike intervals.
In the awake monkeys a vigorous and nonadapting unit response to a stationary stimulus was sometimes accompanied by a depression in the rate of discharge after the stimulus was turned off. Figure 7 illustrates this for the same unit that is shown in Fig. 6 In the paralyzed, anesthetized cat (19) and in the awake freely moving cat (IS), a moving stimulus was reported to be a very effective stimulus for many units. In the awake monkey there were also units which responded best to a moving stimulus, but there was a tendency for units to fall into two groups.
In the first group were the units just considered which responded vigorously and with a nonadapting response to a stationary stimulus; some of these units continued to respond to a moving stimulus.
A second group of units responded best to a moving stimulus and gave a rapidly adapting response to a stationary stimulus. An example of a unit response typical of the second group is shown in Fig. 8 Fig. 9 gave a directionally selective response to a moving slit of light about 0.5 x 1.5". Illustrated in Fig. 9 is the unit response during the passing of a series of light and dark stripes that were slightly longer than 1. In the awake monkey it was possible to identify units that seemed to fit into similar categories.
The receptive-field organization of the units so far considered (with the possible exception of the unit in Fig. 3 ) appeared similar to those referred to by Hubel and Wiesel (22) as simple receptive fields. Not all the criteria they used to establish this category were used in these experiments, mainly because of the difficulty of determining antagonistic surrounds.
In the present study a receptive field was regarded as simple if it met the following criteria: a) the best response of the unit was to an elongated stimulus with a particular orientation in a localized area; b) the central area of the receptive field was the same size and shape when small spots of light were used to map the field; and c) if an elongated, moving stimulus was effective, it was most effective when the long edge of the stimulus was passed across the long axis of the receptive field.
Receptive fields were obtained which were more complex than the simple receptive fields. These fields were like the simple receptive fields in that units responded best to elongated stimuli of a particular size, orientation, and direction of movement.
But they were considered as more complex because they differed from simpler fields in the following ways: a) small spots of light were not effective stimuli for these units, and the spots could not be used to estimate the size of the center of the receptive field; and b) the stimulus did not need to be so exactly placed as for the simple receptive
fields. An example of such a field is shown in Fig. 10 . A horizontal slit of light above an approximately square area 1.5" on each side (indicated by the dashed lines in Fig. lOA ) had no effect on the response of the unit. When the slit was within the square area (Fig. 10 B, C, D) , there was a clear, nonadapting response to the stimulus although the response was more vigorous when the slit was placed in the upper parts of the area. A slit just below the area (Fig. 10E) produced no response. When a slit of the same size was placed vertically in the field, there was also little response (Fig. 10 F, G) . Finally, when the whole square area was covered by light, there was no response (Fig. lOH) cortex or from cortical cells was not determined. For 169 units enough information was obtained about the receptive fields to characterize them as circular, simple, or complex. Receptive fields were circular for 13% of the units, simple for 60%, and more complex for 13%. The remaining 14% of the units had either simple or complex receptive fields, but the fields were not adequately determined to place in one category or the other. The total of 169 included units responding best to a stationary stimulus and units responding best to a moving stimulus.
In the striate cortex of the monkey, Hubel and Wiesel (24) found that units of similar receptive-field complexity predominated within a particular horizontal level. Units with complex and hypercomplex receptive fields were in upper cortical layers (II, upper III) , units with simple receptive fields were below (lower III, IV), and units with complex and hypercomplex receptive fields were seen again at deeper levels (V, VI). In the present experiments on awake monkeys it was rarely possible to determine the receptive fields of units encountered in roughly the upper half of a penetrat ion through the striate cortex and, beyond initial experiments, little effort was devoted to finding the receptive fields of these units. Presumably, many of these receptive fields were of the hypercomplex variety. In sharp contrast to this, receptive fields of units deeper in the cortex were nearly always determined. The amplitude of the unit responses studied was usually between 100-300 pv, but units with spikes as small as 50 l~,v or as large as 600 pv were occasionally studied. Most of the units in the lower part of the cortex were dif-ficult to isolate, particularly when an effective stimulus for a unit was found, since the same stimulus usually also activated units in the background.
The small size of the spikes and the difficulty in isolation suggest that the units deeper in the cortex represented activity of small cells.
In a few penetrations a lesion was made to help identify the level in cortex where the response of a particular unit was recorded. The lesions confirmed that the units with determinable receptive fields had been recorded from striate cortex and primarily from the lower layers of cortex, about at the level of layer IV or below.
DISCUSSION

Receptive fields in awake monkeys
The neurons of striate cortex in the awake monkey respond best to patterned light stimulation. Receptive fields of these neurons are well localized; diffuse light is never so effective as a small spot of light. The maximum resuonse of a neuron is obtained when a light stimulus of a specific size and shape is oriented in a particular wav ing '. Some n .eurons respond best to a movstimulus and show a sensitivity for direction of movement, others respond best to a stationary stimulus. Visual cortical neurons can be classified according to certain features of their receptive fields (22), and fields with circular, simple, and complex organization have been found. Neurons with hypercomplex receptive fields (23, 24) or specific color sensitivity (24) have not been studied.
From the present experiments it is concluded that the basic organization of the simpler types of receptive fields of striate cortex neurons reported for the paralyzed and anesthetized cat (24) is found also in (19 the 22) and monkey awake monkev. It follows that this organization cannot be a result of anesthesia which in some way alters the responsiveness of the neurons (29, although modifications in the response of a particular unit between the awake and the baralyzed, anesthetized state have not been studied.
Cl
On the other hand, it cann .ot be conuded that retentive fields in awake and paralyzed, anesthetized animals are identical. Factors such as attention, which might be expected to produce differences in unit responses between awake and paralyzed, anesthetized animals were minimized in the way these experiments were done. First, the awake monkey was adapted to the receptive-field stimulus by being exposed to it thousands of times during the training periods. Second, the possibility of reward was always signaled by the fixation light, never by the receptive-field stimulus. Finally, the monkey was required to respond only to the fixation light, never to the receptive-field stimulus. There is no reason to believe that the monkey paid attention to the light which was activating the cells under study. In this light the general similarity between the findings on the awake monkey and the paralyzed, anesthetized cat and monkey is not surprising.
Response adaptation stimulus movement and
In the awake animal the coupling of the response to movement and the adaptation characteristics of the units is particularly striking. Most units (but not all) fall into one or the other of two groups. One group of units gives a vigorous and largely nonadapting response to a stationary stimulus. The nonadapting response is occasionally so vigorous that it depresses the unit activity for seconds after the stimulus presentation, and with periodic stimulation every several seconds the stimulus comes to control the neuron response after as well as during stimulus presentations. For these nonadapting units no movement of the stimulus is necessary to produce a continuing discharge; movement does not improve the response, although many units did continue to respond to a moving stimulus. In contrast to these nonadapting units, a second group is rapidly adapting, and although many of these respond to a stationary stimulus, it is only with a brief burst of discharges. These units respond most vigorously to a moving stimulus and are primarily the ones that show directional sensitivity. No tendency was apparent for either group of units, adapting or nonadapting, to be associated with a particular receptive-field organization, circular, simple, or complex. Although both the non-adapting and the rapidly adapting types of cortical neurons have been observed in paralyzed, anesthetized animals (19, 22) , the tendency for adaptation to be associated with response to movement has not been noted. In the awake animal this relationship between adaptation and response to movement is more readily apparent than the organizational complexity of the receptive field, and this relationship appears to be independent of the organizational complexi ty dimension.
Directionally selective units (to use the definition of Barlow and Levick, 4) are those that give an excitatory response to movement in one direction and little or no response to movement in the opposite direction. Cortical units that show directional selectivity are found in paralyzed cats (5, 9, 19, 22, 26) , monkeys (24), and rabbits (2), and in awake, unrestrained cats (18). In the awake monkey the nonadapting neurons generally show only small differences in response to stimulus movement in opposite directions. These differences could result from a summation over asymmetric excitatory and inhibitory areas of the receptive field, as suggested previously by Hubel and Wiesel (22) . But the clearest directional selectivity in the awake monkey is generally shown by units that are rapidly adapting and that respond best to movement. The mechanism of this selectivity has not been determined but there was no indication that an asymmetric receptive-field organization could explain the directional effect. In this respect these directionally selective neurons appear to be more like those in the retina of the rabbit (3, 4). In a recent study of striate cortex neurons in the cat (26), the arrangement of excitatory and inhibitory regions of the receptive field was also regarded as inadequate to explain the directional selectivity observed.
Role of small eye movements
Receptive fields in these experiments were studied while the monkey's eyes were making the fine movements of physiological nystagmus. These eye movements in man (as summarized by Alpern, 1) consist of slow drifts with an approximate size of 5 min of arc and rapid flicks of the eye of about the same magnitude as the drifts. The flicks occur at irregular intervals, roughly, about 1 /sec. Superimposed on these two movements is a small oscillation or tremor with a frequency of 30-80 cycles/ set and a median amplitude of about 17 set of arc. Although the small eye movements were not measured in monkeys, in light of other similarities between eye movements in monkey and man (14, 15) , it is reasonable to assume that the small eye movements are comparable. These small eye movements are always present during normal vision and are necessary for normal perception. If they are eliminated by stabilizing the retinal image (10, 27, 33), clear vision of an object fades within several seconds. The object returns to view when it is moved or otherwise altered.
What effect do these small eye movements have on the responses of striate cortex neurons? Small eye movements could conceivably interfere with detection by the unit of stimulus movement. This is not the case, since there is a type of unit that responds best to a moving stimulus, frequently to a stimulus moving in a particular direction, in spite of the background of eye movements. It seems likely that the eye movements are too small in relation to receptive-field size to produce any effect that could be confused with the larger stimulus movements. This may not be the case, however, when the size of stimulus movements and eye movements are more nearly the same, such as might be the case for small stimulus movements or for small receptive fields in the fovea.
Another possible effect of small eye movements on striate cortex neurons is to shift the stimulus on and off the receptive field. These movements back and forth have been suggested as a mechanism for maintaining the discharge of the visual system neurons in the presence of a stationary stimulus and thereby for maintaining the perception (8). Thus, if there were no eye movement, there should be rapid adaptation of the unit response just as there is rapid adaptation of the perception. Burns, Heron, and Pritchard (8) studied striate cortex neurons in paralyzed but not anesthetized cats and obtained just such rapid adaptation in the absence of small eye movements. A stationary edge between light and dark produced only a brief burst of unit discharge; to obtain a longer lasting discharge it was neces-
